The re ectivity due to stimulated Brillouin backscattering (SBS) from an ensemble of independent laser speckles is investigated for di erent speckle statistics. Calculations are based on numerical simulations with a multidimensional code and a compact model describing the main features of speckle self-focusing. In particular, the simulations and the model are applied to speckle ensembles due to the random phase plate (RPP) and polarization smoothing (PS) techniques. A stronger SBS inhibition for PS with respect to the RPP technique is demonstrated.
I. INTRODUCTION
The development of laser beam smoothing techniques is currently an important element of laser fusion research. Most smoothing techniques translate the spatial intensity distribution of generic laser beams into an intensity distribution consisting of a stochastic ensemble of small-scale \speckles" or \hot spots". 1{4 Although such techniques remove large-scale intensity uctuations, an ensemble of speckles covers a wide spectrum of intensity values with respect to the mean intensity hIi. That might have spurious consequences due to parametric instabilities. 5{7 Of principal interest in this context are the interplay between self-focusing and stimulated scattering (in particular stimulated Brillouin scattering, SBS) in intense individual speckles and the possibility to control the SBS re ectivity by chosing an appropriate speckle statistics.
The statistical distribution of peak intensities of spatially smoothed laser beams depends on the smoothing thechniques and can be calculated theoretically for a focal spot in vacuum. 3;4;8{10 However it might be changed signi cantly in a plasma because of speckle self-focusing (SF) and/or lamentation. Recently in Ref. 11 we developed a compact model that accounts for a speckle self-focusing and calculates the SBS re ectivity from an individual speckle and from a speckle ensemble assuming that both SBS and SF are in a stationary regime. In the present paper we study how the mean re ectivity from stimulated Brillouin scattering is modi ed by changing the statistics of the speckle ensemble. For that we compare the predictions of the model with the numerical simulations using the multidimensional code Kolibri. 11{13 We consider in particular the cases of spatially smoothed laser beams generated by a random phase plate (RPP) and the so-called polarization smoothing (PS) method. The rst method, RPP, is already a well-established method 1;14 where the incident beam is splitted in near eld in a set of beamlets with randomly attributed phase shifts 0 or . The PS method 15 is a variant of RPP with two realisations of orthogonal polarization. It was shown recently 10 that the PS method yields a dramatic reduction in a laser beam lamentation. We demonstrate that it can also signi cantly reduce losses due to the backward SBS.
II. THE SF-SBS MODEL
The SF-SBS model is based on the assumption that for both SF and SBS in an individual speckle a stationary (asymptotic) state is established. A time required to attain such a (quasi-)steady state is of the order of the time a sound wave needs to propagate through a speckle which is of the order of 20-100 ps for typical conditions of laser-plasma interaction. Under this assumption we have shown in Ref. 11 that the transverse pro le of the speckle electric eld E keeps approximately a Gaussian shape, E(x ? ; z) = A(z) expf?q(z)x 2 ? =2a 2 0 g, with Req(z) = a 2 0 =a(z) 2 where a(z) is the local beam radius and a 0 is the minimum waist at focal point, z = z f . Then a variational approach to the nonlinear Schr odinger (NLS) equation of the SF problem 11 2 (n e =n c ) (a 0 = 0 ) 2 involves the speckle cross-section, a 2 0 , and the electron density n e related to the critical density n c . Equation (1) describes also a density depletion in a speckle, n e = n e0 expf?jEj 2 = 16 n c (T e + T i =Z)]g, due to the equilibrium between ponderomotive and thermal pressure of the plasma ion uid. (Here T e and T i are the electron and ion temperatures, respectively, in energy units and Z is the ion charge.)
The model for a single speckle SBS re ectivity has been proposed earlier in Ref. 18 and compared with experiments. 19 It accounts for the convective SBS ampli cation in a plasma with inhomogeneous expansion velocity (assuming that the three-wave interaction length is much shorter than the speckle length, L R ), for the di raction of the scattered wave, and the pump depletion in a speckle. In general, the equation for the SBS power from a speckle, P SBS , reads dP SBS dz = ? L R n e n c ? n e exp(2G SBS ) G SBS (2) where de nes the level of spontaneous ion acoustic uctuations, is the e ective solid angle of SBS emission, and G SBS (jEj 2 ) is the local SBS convective gain. Simultaneous integration of Eqs. (1) and (2) yields the speckle envelope q along with the backscattered SBS re ectivity in a single speckle, R single , which depends on the laser power trapped in a speckle, the laser beam f/number, f # 1:4 a 0 = 0 , and local speckle characteristics: plasma density, temperature, and the velocity inhomogeneity scale length, L v .
A comparison of this SF-SBS model with full-scale numerical simulations in 2D and 3D geometries for a single speckle 11 demonstrates its good performance as long as the laser power in a speckle does not exceed 2P c and the stationarity criteria are met. It was found that the \fate" of the SF-SBS competition depends dramatically on the plasma density or more speci cally on the parameter . For large > 50 the speckle self-focusing greatly enhances SBS and lowers its e ective threshold. For smaller the density depletion in a self-focused speckle is a dominant e ect which can inhibit SBS at a very low level.
III. SBS REFLECTIVITY FROM A SPECKLE ENSEMBLE
The single-speckle re ectivity is a microscopic quantity. Its averaging over the speckle statistical distribution results in a macroscopic, observable SBS re ectivity. The re ectivity of a RPP ensemble of speckles has already been discussed in the paper 11 on the basis of the above mentioned SF-SBS model. Here we show for the rst time comparisons with simula-tions using our multidimensional code Kolibri 11{13 . We also compare the SBS re ectivity for two speckle distributions corresponding to RPP and PS smoothing techniques.
The method of calculation of the SBS re ectivity from a speckle ensemble, hRi, was proposed in Ref. 4 and used later in Refs. 11, 18, 19 . It based on the assumption of independent speckles. This means that the backscattered light from each \hot spot" starts to grow from the same noise level and processes that occur in each speckle do not a ect their distribution downstream in the direction of the laser light propagation. The latter assumption can be ful lled easily for inhomogeneous plasmas as mentioned in Ref. 18 . The assumption of a similar noise level requires relatively low laser intensity and low total SBS re ectivity. In these conditions the nonlinear processes (SF and SBS) occur predominantly in a relativily small number of high intensity speckles while the \bath" of intensity uctuations comparable to the average intensity does not experience any signi cant self-focusing and SBS.
The parameters completing the description of the problem within our compact SF-SBS model are thus:
(i) the single speckle SBS gain, G 0 (p) 0:93 p (L v =L R ) (1 + 3T i =ZT e )=(1 + T i =ZT e ), (or the power parameter for a single speckle, p), (ii) the noise level of the backscattered light (which is dependent on the plasma temperature in real experiments, but is kept as a free parameter in the simulations), (iii) the mean laser intensity hIi of the smoothed laser beam (or the power parameter calculated with the mean laser intensity, hpi), (iv) the speckle size a 0 in transverse direction without nonlinear e ects (it is de ned by the f/number of the incident laser beam, a 0 0:7f # 0 ), and (v) the total interaction length L with respect to the average speckle length, L=L R . Once knowing the SBS re ectivity of a single speckle R single (G 0 (p)) for the`relevant' interval of the parameter p, the average re ectivity from speckle ensemble hRi can be determined knowing the intensity (power) distribution function f(I m =hIi) for the speckle ensemble, hRi = Z f(u) u R single (hG 0 iu) du; (3) where u = I m =hIi stands for the maximum intensity of a single speckle, I m , (or the speckle power, a 2 0 I m ) with respect to the mean intensity (power) value. (The`relevant' interval of p = uhIi=I c , where I c is the intensity corresponding to the critical power P c 17 , is determined by speckles that make a maximum contribution to the average re ectivity.) The total re ectivity of the entire interaction length hence can be estimated by integrating along all independent speckle length intervals, R tot hRiL=L R , although the laser beam intensity depletion has to be taken into account for large total re ectivities, R tot > 0:1.
In the following we shall consider two di erent speckle intensity distributions: a pure RPP case where the distribution function is given by 3 Since we consider the cases where the main contribution to the SBS re ectivity comes from high intensity speckles, u 1, the principal e ect of PS statistics in Eq. (5) in comparison with the RPP case, Eq. (4), comes from the faster descent due to the exponential term. Therefore the PS method produces less high intensity speckles and a lower level of nonlinear e ects.
IV. RESULTS AND DISCUSSION
We applied both distribution functions to our model and compared the mean re ectivities for the speckle ensembles. We also compared the model predictions with direct numerical simulations using the code Kolibri. In both cases, RPP and PS, the speckle eld within the interaction volume was generated by imposing a boundary condition to the incoming electric eld. The code works with a spectral decomposition of the eld quantities in the directions transverse to the laser axis. Due to this choice the electric eld modes E k corresponding to the transversal wave vector k ? are represented by a at-top distribution for the amplitudes jE k j in the interval jk ? j < k max where the cuto wave number is determined by 3 k max = k 0 =(1 + 4f 2 # ) 1=2 , k 0 = 2 = 0 being the laser wave number in the unperturbed medium. The decisive point in this algorithm generating a RPP eld is that the phase of each eld mode E k = jE k j exp(i' k ) is assigned randomly from the interval ? < ' k . A simple propagation of the eld values imposed at z = 0 into the unperturbed plasma produces a random speckle eld closely following the RPP statistics described by Eq. (4). In simulations, a nite number of speckles due to the nite volume causes statistical deviations from the theoretically expected statistics, in particular seen for I > hIi. 20 To generate the speckle eld corresponding to PS, we impose at the boundary z = 0 two statistically independent elds with each half the average intensity of the RPP case.
The phases ' k of both elds correspond to di erent random number arrays, but they follow the same statistics. The total laser intensity at a given point z is composed of the sum of the square amplitudes from both elds jE (1) k (z)j 2 + jE (2) k (z)j 2 . In the case that phases are the same for both elds, '
(1)
k , one has again a RPP speckle distribution, but the combination of two di erent phase arrays with '
k yields a speckle distribution corresponding to the PS technique. This point is illustrated in Fig. 1 where we compare intensity patterns of smoothed laser light due to (a) RPP and (b) PS with same average intensities for 2D geometry. This picture corresponds to early time of simulations before SF and SBS have been excited. From the contours it is obvious that in the case of RPP the contrast between high-intensity and low-intensity speckles is more pronounced than in the PS case. (Recognize that some patterns seen in the contours of panel (a) can also be found in panel (b), but at half the intensity of (a). This is because we used the same random phase source ' (1) k for E (1) k in both the (a) RPP and (b) PS simulations and added a second source ' (2) k 6 = ' (1) k to generate E (2) k in the simulation of PS). Any statistical distribution of speckles in between the pure RPP and the PS case can be attained by weighting the mean intensity of the elds E (1) k and E (2) k according to a mixture hI 1 i = hIi and hI 2 i = (1 ? )hIi with 0 1 (where = 1 and = 0 correspond to RPP and = 1=2 corresponds to PS, respectively).
Quantitatively the intensity distribution can be characterized by the speckle abundance, N: the number of speckles in a given volume with maximum intensity, I m , being u times above the average intensity. This is the integral over the probability function from u to innity, N / R 1 u f(u 0 ) du 0 . A comparison between the theoretically predicted and numerically generated speckle abundances is displayed Fig. 2 . The data were taken from the simulations shown in Fig. 1 for both the cases of RPP and PS. According to Eqs. (4) and (5), the abundance integrals in 2D geometry can be roughly approximated by / u 1=2 exp(?u) for RPP and / u 2 exp(?2u) for PS. A good agreement between the theory and simulations can be seen in Fig. 2 for intense speckles, u > 2. Small-intensity speckles are not described correctly by Eqs. (4) and (5) and speckles with I=hIi < 1 have not been counted in the simulations. They also do not make any signi cant contribution to the average re ectivity in Eq. (3). The simulations have been run until some quasi-steady level of SBS re ectivity has been achieved. Then the average SBS re ectivity integrated over all scattering directions, R tot , has been compared with the model predictions. The computation of R single in the model requires the knowledge of the noise level of the scattered light which has some uncertainty in our simulations. Because of that we consider as a free parameter and adjusted it once for each set of runs. The quantity hRi is computed using the theoretical distribution functions according to Eqs. (4) or (5) and not the distribution functions taken from the numerical simulations. In Fig. 3 we show a systematic comparison between simulation data and values computed from the model. All calculations shown here were performed in 2D geometry because it allows us to use larger boxes in simulations and hence to perform a systematic study with better accuracy. Correspondingly, in the model calculations, we use 2D counterparts of Eqs. (1) and (2) (see Ref. 11) .
In general, we see qualitatively a good and quantitatively a satisfying agreement between simulation data and the values computed with the help of our model for cases where the SBS re ectivity is low, R tot < 0:1. In cases of re ectivities close to unity, R tot < 1, and for values of hpi = hIi=I c > 1:5 the SF-SBS model exceeds the limits of its applicability. 21 The PS case demonstrates signi cantly lower SBS re ectivity and higher SBS threshold. This is because of a lower abundance of high intensity speckles which are more object to self-focusing (cf. Ref. 10) and SBS.
Obviously our model represents in a satisfactory manner the main features of SBS backscattering under the e ect of self-focusing for both types of speckle distribution: RPP and PS. We therefore systematically computed the average re ectivities hRi (per Rayleigh length) from speckle ensembles comparing the RPP and PS cases in 3D geometry. The results shown in Fig. 4 correspond to the same parameters as in Fig. 10 of our previous publication Ref. 11 where we compare the average RPP re ectivity with and without SF e ect. The e ect of SF on the average re ectivities with an underlying PS speckle distribution function is similar to the e ect seen in the pure RPP case. Like in the 2D case, one can see in Fig. 4 that the obtained re ectivities originating from PS speckle ensembles are systematically and considerably smaller than those from RPP as long as hRi is not saturated. The favorable e ect of PS with respect to RPP is expressed in the shift of the SBS threshold towards higher SBS gain values (corresponding to higher intensities).
In conclusion, we compared the SBS re ectivities from laser speckle ensembles with di erent distributions using the full scale numerical simulations and the recently developed SF-SBS compact model. We found that the model describes adequately speckle self-focusing and its e ect on stimulated Brillouin scattering in the domain of its applicability. Our studies demonstrate the possibilities to control laser beam lamentation and the level of SBS re ectivity by changing the plasma parameters and laser beam characteristics. In particular we demonstrate that the PS method is more e cient in suppressing the SBS re ectivity as compared to the pure RPP case. 
